The transient current analysis was conducted in order to reveal the mechanism of hysteresis phenomena in organolead halide perovskite solar cells. The change of the hysteresis in OPV-type device of CH 3 NH 3 PbI 3 was analyzed depending on scan condition. The change of time constant depending on the scan condition was observed. Our results suggest that the elimination of the hysteresis for slow scan speed cannot be explained by simple firstorder relaxation model such as charging into capacitance. The model should include the parameters which depend on the scan speed and history of the bias scan.
Introduction
Organolead halide perovskite solar cells are developing rapidly [1] [2] [3] [4] and have attracted much attention because of their high power conversion efficiencies (PCE), (e.g. 22%
5
). A simple process for the fabrication of these solar cells would be of interest from an industrial perspective, such as the simple mixing of lead halide and amine halide to produce perovskite crystals. High-performance solar cells with reduced cost are expected to be achieved with the use of perovskites. In spite of the rapid development of this field, there are critical issues of instability 6 including hysteresis, light soaking, and degradation. Such issues can be obstacle for the fundamental analysis of the device characteristics. Moreover, the figure of merit of the solar cell such as PCE becomes less reliable because solar-cell characteristics are strongly depend on the scan speed of the current density-voltage (J-V) characteristics. 7 In this paper, we focused on the hysteresis issue. There have been a lot of reports dealing with the issue since perovskite solar cells became a hot topic. Several components are considered for the origin of hysteresis such as ferroelectricity, [10] [11] [12] [13] ion migration, [14] [15] [16] [17] [18] [19] [20] [21] [22] carrier trapping 15, 26 and capacitance component at the interfaces. [27] [28] [29] [30] [31] [32] The effect of ferroelectricity is analyzed as the response of bias poling. The effect of ion migration and charge trapping is investigated based on the transient photocurrent analysis and device simulation. The effect of interface capacitance is analyzed with impedance spectroscopy. The analysis of transient current by applying stepwise voltage is also conducted for the analysis of the repose speed of the cell. Although the hysteresis phenomena have been investigated from various points of view, the clear models to explain the phenomena have not been established. In addition, the results which are contrary each other are reported e.g. the enhanced hysteresis was observed at higher temperature in Ref. 33 while it is observed at lower temperature in Refs. 34, 35 . The hysteresis is strongly dependent on the scan speed during J-V measurement. Although the hysteresis is reported to be eliminated for the slowscan condition, it cannot be fully eliminated even though the quasi-static condition. 7 Even there are reports stating that fast-scan condition eliminates the hysteresis 8 or there is peak scan speed to observe hysteresis. 17 It is difficult to interpret such a chaotic result for constructing the model for the cause of hysteresis. Possibly, it is explained by multiple causes.
Although there is a lot of discussion for the microscopic origin of hysteresis phenomena in perovskite solar cells, there have been some reports for the device architecture that eliminate the hysteresis. When the perovskite film is directly fabricated on the compact TiO 2 layer, large hysteresis was observed, while it is eliminated by the use of mesoporous layer of TiO 2 or AlO 2 . 10, 36 In addition, planar type device with reduced hysteresis was reported where the surface of TiO 2 was covered with 6,6-phenyl-C 61 -butyric acid methyl ester (PCBM). 37 The use of SnO 2 instead of TiO 2 can be another solution for eliminating hysteresis. 38 So-called organic-photovoltaic (OPV)-type architecture, where perovskite layer is fabricated on p-type polymer or metal oxide can be also beneficial for the elimination of hysteresis.
In this study transient current was measured for the OPV-type perovskite solar cells where perovskite layer was fabricated by laser evaporation method. 39 Even though the OPV-type devices eliminate hysteresis, remarkable hysteresis was observed for the relatively low PCE device. In order to discuss the hysteresis phenomena which are still existing for the OPV-type architecture, the effect of scan rate and waiting time between light illumination and start of the scan is analyzed. Our results suggest that the hysteresis phenomena cannot be explained only by capacitance component and multiple cause should be taken into account.
Experimental Section
The source materials (MAI and PbI 2 ) were used without purification because sufficiently purified materials were purchased from the supplier (Tokyo Chemical Industry Co. Ltd.). The perovskite layer was fabricated by laser evaporation method, where detailed process is reported in Ref. 39 .
For device fabrication, glass substrates with indium tin oxide (ITO) transparent electrodes were used. Several types of hole transport layer (HTL) were attempted. For example, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and poly(N-9B-heptadecanyl-2,7-carbazole-alt-5,5-(4B7B-di(thien-2-yl)-2B,1B,3B-benzothiadiazole)) (PCDTBT) layers were spin-coated, and a NiO x layer was deposited by magnetron sputtering. The perovskite layer was formed on the HTL by the laser evaporation system. PCBM was spin-coated as an electron transport layer and then thermally annealed at 70°C. Finally, bathocuproine (BCP) as electron transport layer and Al electrodes were evaporated under vacuum to complete the solar cell ( Fig. 1(a) ). Simulated AM 1.5 G 1 sun light (Asahi spectra HAL 320) was irradiated for measurement (Keysight B2902A) of the transient J-V characteristics. The stepwise voltage scan (from ¹0.1 V to 1.1 V with 0.02 V step) was started with or without certain delay (t delay ) after the light illumination, where the transient current was measured with 20 data point for each step ( Fig. 1(b) ). The data was taken by varying the t delay and scan speed for the analysis of hysteresis phenomena.
Results and Discussion
Firstly the characteristics of the device with the architecture of ITO/PEDOT:PSS/CH 3 NH 3 PbI 3 /PCBM/BCP/Al (Cell 1) is discussed (Fig. 2) . The solar cell parameters were summarized in Table 1 . The PCE is 12.9% for forward scan and 12.7% for backward scan with t delay = 0 s and scan speed of 0.05 V/s. The hysteresis is rather small because of the OPV-type architecture. When the scan was started with t delay = 30 s (Fig. 2(b) ), the difference of current density between forward scan and backward scan at negative bias voltage region was eliminated. The current difference in this region can be explained by the current transient after the light illumination. For the slow scan speed measurement (0.025 V/s), almost negligible Here we note that the value of the extracted time constant (10 ¹3 -10 0 s) is within the valid range that can be extracted from the time range of our experiment. When the current transient of fast scan and slow scan were compared, the time constant (¸) is larger for the slow scan data. If the hypothesis above holds, the time constant does not depend on the scan speed. Moreover, when the forward scan and reverse scan were compared, the saturated current (J 1 ) does not coincide each other. This cannot be explained by simple capacitance component or first-order relaxation model. Even if it is expressed by first-order phenomena, the parameters itself such as capacitance or rate constant should depend on the scan speed or bias history.
Next we discuss the device with relatively low PCE. The device with the architecture of ITO/NiO x /PCDTBT/CH 3 NH 3 PbI 3 / PCBM/BCP/Al (Cell 2) was analyzed. We reported that the device with this architecture showed high PCE up to 16%; on the other hand, we intentionally used the device with the PCE around 8% in order to emphasize the hysteresis phenomena. In our experience, we found that low PCE device tends to show large hysteresis. This means that not only the type of architecture or selection of carrier transport layer, but also the quality of the perovskite film affects the appearance of hysteresis. The PCE is 7.36% for forward scan and 8.21% for backward scan with t delay = 0 s and scan speed of 0.05 V/s (Fig. 3(a) ). The relatively larger hysteresis was observed when compared with Cell 1. As is the same with the result of Cell 1, the scan with certain t delay value and slow scan speed reduced the hysteresis (Fig. 3(a) ) although we still observed some amount of hysteresis in the scan speed of 0.005 V/s. The current transient was shown in Figs. 3(d)-( Electrochemistry, 85(5), 276-279 (2017) scan speed. By extracting the time constant from the data of Cell 2 using exponential function, the change of the response speed of the device depending on the measurement condition was clarified.
The results in this study suggest that the analysis of capacitance, which can be extracted from impedance analysis, 40 cannot be enough for the analysis of hysteresis because the time constant depends on the scan speed. Impedance analysis requires long time (typically several minutes) for scanning frequency and it is difficult to analyze the scan speed dependences. The analysis of transient current is necessary for the analysis of scan speed dependent dynamic response.
It is reported that the hysteresis in perovskite solar cells can be modeled based on capacitance and scan speed dependence can be explained by the response speed of the capacitance-resistance system; however, the above results indicates that it is not explained by such a simple model. Although the transient current is represented by simple exponential function, the parameters such as time constant and saturation current depend on the scan condition and history of the scan. It is necessary to include microscopic model where the parameters depend on scan speed and bias history. The discussion in the literature mainly focuses on the effect of interface because hysteresis phenomena strongly depends on the charge transport layer materials. Although the hysteresis was eliminated using OPV-type architecture in this study, we still observed remarkable hysteresis in the low PCE devices. This means that the hysteresis should be explained by multiple origins and the effect of bulk region can be also important to discuss the hysteresis. Ferroelectricity, ion migration, or charge trapping at bulk region can be candidate for the cause of hysteresis, which can be eliminated when the perovskite layer is finely fabricated. Such phenomena should be analyzed from multiple viewpoint and the transient current measurement as well as the impedance spectroscopy is effective.
Conclusions
The hysteresis phenomena in the organolead halide perovskite (CH 3 NH 3 PbI 3 ) with OPV type architecture, was investigated by transient current measurement. The change of the hysteresis depending on scan condition was analyzed in detail. The transient current was fitted with exponential function to extract the time constant. The change of time constant depending on the scan condition was observed, which means that the elimination of the hysteresis for slow scan speed cannot be explained by simple firstorder relaxation model. The parameters which depend on the scan condition and history of the scan should be considered to construct the model of hysteresis phenomena.
